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ABSTRACT 

The purpose of this investigation is to ascertain 

the feasibility of a proposed high gain antenna pendulum 

for the Lunar Roving Vehicle (LRV). The investigation was 

limited to non-steady accelerations encountered when the 

LRV traverses a level lurain whose roughness is characterized 

by a power spectrum equivalent to a mid-range smooth mare. 

It is concluded that the proposed pendulum design is not 

practical; in fact, the pendulum excursions exceed those of 

the LRV. 
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INTRODUCTION 

955 L'Enfant Plaza North, S.W. 
Washington, D. C. 20024 

B 7 1  09028 

The purpose of t h i s  i n v e s t i g a t i o n  i s  t o  ascer ta in  
t h e  f e a s i b i l i t y  of a proposed h igh  g a i n  antenna pendulum 
f o r  t h e  Lunar Roving Vehicle ( L R V ) .  The f u n c t i o n  o f  t h e  
pendulum i s  t o  ass is t  t h e  antenna i n  a c q u i r i n g  e a r t h  by 
a l i g n i n g  i t se l f  along t h e  luna r  v e r t i c a l  a x i s .  This  i n v e s t i -  
g a t i o n  i s  l i m i t e d  t o  non-steady a c c e l e r a t i o n s  encountered 
whi le  t r a v e r s i n g  a l e v e l  l u r a i n  whose roughness i s  c h a r a c t e r -  
i z e d  by a power spectrum e q u i v a l e n t  t o  a mid-range smooth 
mare (Reference 1) .  No a t tempt  has  been made t o  e v a l u a t e  
q u a s i - s t a t i c  a c c e l e r a t i o n s  t h a t  r e s u l t  from such maneuvers 
a s  brak ing ,  a c c e l e r a t i n g ,  and t u r n i n g .  

UNIVAC 1 1 0 8  d i g i t a l  computer. F ive  computer runs  w e r e  made 
by vary ing  t h e  damping r a t i o  ( 0 ,  0 . 1 ,  0 . 2 ,  0 . 5 ,  and 1 . 0  
c r i t i c a l  damping). Although t h e  . 5  damping r a t i o  gave t h e  
b e s t  r e s u l t s  f o r  t h e  proposed des ign  (35 inch  pendulum) t h e  
pendulum e l e v a t i o n  angle  ( e  i n  F igure  1) exceeded LRV excur- 
s i o n s  as t h e  LRV n e g o t i a t e d  a 3 2  second traverse. 

The equa t ions  of motion w e r e  programmed on t h e  

EQUATIONS OF MOTION OF A SPHERICAL PENDULUM 

A s  can be s e e n  from Figure  1, t h e r e  are only  two 
degrees-of-freedom f o r  a s p h e r i c a l  pendulum (e, $ 1 .  However, 
i f  one examines t h e  0 equat ion  of motion (p.  81 ,  Reference 2 1 ,  
assuming non-constant 0 angular  momentum 
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one f i n d s  a p o t e n t i a l  s i n g u l a r i t y  e x i s t i n g  f o r  t h e  d i g i t a l  
computer about  e = 0 and IT. I t  i s  f o r  t h i s  reason t h a t  t h i s  
n a t u r a l  coord ina te  system was abandoned i n  f avor  of  t h e  
b a s i c  X ,  Y ,  Z C a r t e s i a n  system and t h e  Lagrange m u l t i p l i e r  A .  
Before w e  formula te  t h e s e  e q u a t i o n s ,  l e t  us f i r s t  w r i t e  a 
r e l a t i o n s h i p  between t h e  moving xyz and t h e  basic XYZ systems 
and then  c o n s t r u c t  a damping model f o r  t h e  pendulum as f o l l o w s :  

- - -  - - -  
where i j k and I J K are u n i t  v e c t o r s  a long  t h e  moving (xyz)  and 
basic ( X  Y 2 )  coord ina te s  axes ,  r e s p e c t i v e l y .  T o  i s  t h e  damping 
to rque  f o r  8 motions and b , c , n  are c o n s t a n t s ,  which characterize 
t h e  damping model. 

The pendulum motion i s  c o n s t r a i n t e d  along z .  T h i s  
c o n s t r a i n t  can be expressed  as fo l lows:  

( X i  + Y? + Z i )  = 0 

Next, t h e  Lagragian is  formula ted  as follows: 

( 4 )  

where m i s  t h e  mass of the pendulum and g t h e  moon's g r a v i t y .  
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The three Lagrange e q u a t i o n s  of motion t o g e t h e r  
w i t h  t h e  d e r i v a t i v e  of t h e  c o n s t r a i n t  equa t ion  are given 
below (wi th  t h e  h e l p  of equat ion  ( 2 ) )  i n  m a t r i x  n o t a t i o n .  

m O O X  

O m O Y  

O O m Z  

X Y Z O  . (‘1 A -maX 

-may 

Z - m a  

- ( k 2  I - cos$coSBTB/R 

- sin$cosBTe/R 

- sinBTe/R - mg 

+ i2 + i 2 )  

where 

R = pendulum l e n g t h ,  

ax I ay I aZ = i n p u t  a c c e l e r a t i o n s  a t  pendulum gimbal,  

cose = -Z /R ,  s i n e  = ( X  +Y 1/2/R, 

2 2 1 / 2  cos$ = x / ( x ~ + Y ~ ) ~ / ~ ,  and s i n $  = Y / ( X  +Y 

I f  X 2  + Y 2  = 0 ,  then  cos$ and s i n $  can be de f ined  by r e p l a c i n g  
X and Y w i t h  t he i r  d e r i v i t i v e s .  
and s i n $  are assumed t o  be unchanged from t h e i r  va lues  a t  t he  
prev ieus  t i m e  s tep .  

A f t e r  s o l u t i o n  of equa t ion  ( 6 )  , t h e  d e r i v a t i v e s  and 

I f  k2 + i2 = 0 also, t h e n  cos$ 

d isp lacements  are computed a s  fo l lows  : 

[} i + h  =[] i + h f }  i ( 7 )  
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and 

where h is the time interval. 
is next computed 

The pendulum invariant length 

2 2 2 1/2 
= (x + Y + z )i+h Ri+h 

and the displacements corrected as follows: 

[} i+h = R’Ri+hf)i+h 

INPUT DATA AND RESULTS 

C o q u t e r  r u n s  were based on the following input data: 

m = .03 lb. sec.2/inch, 

R = 35 inches, 
g = 61.8 inches/sec. 2 

c = o  

n = 1 (linear damping) 
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The damping c o e f f i c i e n t  b was ob ta ined  by t h e  fo l lowing  
expres s ion :  

where (g/R) is t h e  n a t u r a l  frequency (1.33 r a d i a n s / s e c )  of 
t h e  pendulum f o r  s m a l l  motions and 8 i s  t h e  s o - c a l l e d  damping 
r a t i o .  Computer runs  w e r e  made f o r  8 = 0 ,  .l, .2, .5 ,  and 1 . 0 .  
The i n p u t  a c c e l e r a t i o n s  every .025 seconds w e r e  ob ta ined  from 
ano the r  computer run  of 3 2  second d u r a t i o n  u s i n g  t h e  d i g i t a l  
program ROVER (References 3 and 4 ) .  For t h i s  run t h e  LRV w a s  
made to  t r a v e r s e  e s s e n t i a l l y  a s t r a i g h t  course  a t  f u l l  t h r o t t l e  
(approximately 13 km/hr speed) ove r  a l u r a i n  whose power 
spectrum i s  e q u i v a l e n t  t o  a mid-range smooth m a r e  (Reference 1). 

The o u t p u t  of  ROVER i n  b i n a r y  format  c o n t a i n s  among 
o t h e r s  t h i n g s  a 3x3 d i r e c t i o n  cos ine  m a t r i x ,  s i x  v e l o c i t i e s  
and s i x  a c c e l e r a t i o n s  about  t h e  body axes of t h e  cg. of t h e  
v e h i c l e .  These a c c e l e r a t i o n s  w e r e  t r a n s f e r r e d  t o  t h e  gimbal 
o f  t h e  pendulum as fo l lows:  

+ 

. .I 

0 -a a 

a 0 - a  

-a a 0 

Z Y  

z X 

, Y  x 
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where 

[ B l  i s  t h e  d i r e c t i o n  cos ine  ma t r ix ,  
a a are t o t a l  l i n e a r  a c c e l e r a t i o n s  a long  body 
axes a t  cg . ,  

axor yo'  20 

b b b are body coord ina te s  t o  gimbal from cget Y' Y t  Y 

ax' a Y f  aZ 

@ Y t  w z  

are r o t a t i o n a l  accelerations about  cg . ,  

a r e  r o t a t i o n a l  v e l o c i t i e s .  

The r e s u l t s  of e l e v a t i o n  pendulum ang les  f o r  a l l  
f i v e  runs  are summarized i n  T a b l e  I along wi th  t h e  e l e v a t i o n  
ang le  of t h e  LRV. These angles  f o r  t h e  f i r s t  f o u r  runs 
t o g e t h e r  w i t h  t h e  e l e v a t i o n  angle  of t h e  LRV are p l o t t e d  
a g a i n s t  t i m e  i n  t h e  Appendix. I t  can be shown t h a t  i f  t h e  
l e n g t h  of t h e  pendulum (and hence i t s  p e r i o d )  i s  inc reased  
by an o r d e r  of  magnitude the  t r ansmiss ion  of t h e  gimbal 
a c c e l e r a t i o n s  t o  t h e  pendulum would be v a s t l y  reduced. 
However, f o r  t h e  proposed des ign ,  t h i s  i s  n o t  p r a c t i c a l .  
I t  can be concluded t h a t  the  proposed pendulum des ign  i s  no t  
f e a s i b l e  wh i l e  t h e  rover i s  t r a v e r s i n g  a mid-range smooth 
m a r e  l u r a i n .  

2031-SK-jf S .  Kaufkan 
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FIGURE 1 - SPHERICAL PENDULUM 



TABLE 1 

Maximum 

30.2 
22.2 
19.3 
14.9 
20.6 

Damping 
Rat io  - B 

0 

.1 

.2 

.5 

1.0 

Mean Standard Deviat ion 

9.76 6.46 
8.15 4.68 
7.87 4.08 
7.69 3.51 
6.73 4.08 

COMPARISON OF PENDULUM AND LRV 
ELEVATION ANGLES 

1.36 I 6.96 I 2.57 
LRV Elevat ion Angle - Degrees 

The above s ta t i s t ics  approximates a 

Raleigh d i s t r i b u t i o n  f ( X )  = 7 e 
x -x 2 2  /2a 

U 

Mean = a m  

~- Std.  dev. = 042 - 2 IT 

P r o b a b i l i t y  func t ion  = 
2 2  -x /2a ) f ( y ) d y  = (1 - e 
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APPEND1 X 

The Appendix c o n t a i n s  a p l o t  of ang le  i n  d e g r e s s  v s .  
t i m e  f o r  a p o r t i o n  of t h e  32 second t r a v e r s e .  The p o r t i o n  
chosen (26.25 - 31.0 seconds) c o n t a i n s  t h e  maximum pendulum 
e l e v a t i o n  ang le s .  F ive  curves are shown: f o u r  graphs of t h e  
pendulum e l e v a t i o n  ang le  f o r  8 = 0 (curve A ) ,  B = .1 (curve B) , 
8 = .2 (curve  C) - and B = .5 (curve  D )  , and a graph of t h e  
e l e v a t i o n  angle  of t h e  LRV (curve E ) .  T h e  e l e v a t i o n  ang le  of 
t h e  LRV i s  t h e  a n g l e  between t h e  v e r t i c a l  body a x i s  and 
v e r t i c a l  i n e r t i a l  a x i s  o r  t h e  i n v e r s e  cos ine  of  t h e  (3, 3) 
t e r m  of t h e  d i r e c t i o n  cos ine  ma t r ix .  The au tho r  i s  indebted 
t o  M r .  R.  D.  Weiksner of Bellcomm f o r  these cu rves .  
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